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Rates of oxidation of aldoses with bromine have been reappraised and interpreted in 
the light of present concepts of conformation and reaction mechanism. It is suggested 
that differences in the rates of oxidation of the a and /3 anomers are largely determined by 
differences in the free energy required by the reactants for passing from the ground state 
to the complex in the transition state. Structures for the aldoses in the ground states and in 
the transition states are postulated, and factors affecting the energy required for reaching the 
transition states from the ground states are discussed. The relative rates of oxidation 
are in accordance with the hypothesis that each of the aldoses in the ground state has the 
conformation predicted by Reeves, and, in the transition state, has a conformation in which 
the oxygen atom of the Cl-hydroxyl group lies in the plane formed by the ring oxygen atom, 
CI, C2, and C5. Presumably, this conformation is stabilized by resonance involving the 
oxygen atom of the ring. 

For aldoses having high stability in one chair conformation, the rates of oxidation of 
the anomers differ widely; in each instance, the anomer in which the Cl-hydroxyl group is 
axial is oxidized more slowly than the anomer in which this group is equatorial. For aldoses 
having less stability in a chair conformation, the rates of oxidation of the anomers differ 
less widely, but, nevertheless, show a definite correlation with the angular position of the 
Cl-hydroxyl group relative to the plane of the ring. For aldoses for which the stability 
in both chair conformations is so low that they probably exist in a variety of conformations, 
the rates of oxidation of the anomers show little difference and no particular correlation with 
the angular position of the Cl-hydroxyl group. 

The presence or absence of an oxygen atom in the ring is used to account for the large 
differences between the rates of bromine oxidation of the aldoses and those of derivatives 
of cyelohexanol. Differences in conformation in the transition state, associated with the 
presence or absence of this oxygen atom, likewise account for the fact that the relative 
rates of oxidation of the axial and equatorial isomers in the two classes of compound are 
reversed. 

Because of uncertainty as to the anomeric configurations commonly assigned to some 
of the aldoses, the configurations of 22 aldoses were reappraised. Advantage was taken of 
the principle that the anomer preponderating in the equilibrium solution has trans hydroxy! 
groups at CI and C2. Except for crystalline iw////rr/y>-i>-/Vo-lieptose, the assignments 
of configuration based on this principle agree with the configurations generally accepted. 
Classificiation of crystalline D-gh/cero-D-ido-heptose as an a-D-pyranose necessitates correction 
of earlier records in which this sugar was considered to be a 0-D-pyranose. 

In accordance with the author's earlier formulation, oxidation of the axial anomer 
is believed to take place by two courses: (1) direct oxidation and (2) conversion to the 
equatorial anomer by the anomerization reaction and the subsequent oxidation of this 
anomer. The relative importance of the two courses is not considered in this paper. It 
is pointed out, however, that the actual difference in the rates for the direct oxidation of 
the two anomers must be at least as great as that observed for the overall rates of oxidation. 



1 . Discussion of Prior Work 

Utilization of bromine-oxidation measurements 
for study of the ring structure of aldoses began with 
the observation of Isbell and Hudson [1,2] 2 that, 
in slightly acid solution, pyranoses are oxidized to 
1,5-lactones without cleavage of the ring. Isbell 
and Pigman [3,4,5 (pp. 435 to 456)] showed that, 
for many aldoses, the a and ft anomers are oxidized 
at widely different rates, and Isbell [6] sought to 
classify the anomers of aldoses according to the 
angular position of the Cl-hydroxyl group relative 
to the plane of a strainless, pyranoid ring. When 
those studies were made, the concept of conformation 
was just beginning to emerge. Nevertheless, it 
was concluded that the aldopyranoses exist in a 
definite conformation in which the a and /? positions 
are not symmetrically located with respect to the 



i Presented, in part, before the Division of Carbohydrate Chemistry at the 
132(1 Meeting of the American Chemical Society, al \e\v York, N.Y., on Septem- 
ber 8, 1957. 

2 Figures in brackets indicate the literature references at the end of this paper. 



plane of the ring, and that "a comparison of the 
reaction rates of alpha and beta pyranoses should 
provide information about the conformation of 
the pyranose ring" (p. 524 of [6]). Subsequently, 
through the brilliant work of Reeves [7,8], Hassel 
and Ottar [9], Beckett and co-workers [10], and 
others, factors that affect the conformation of the 
pyranoses have become known. Theoretical con- 
siderations as well as extensive experimental data 
have established that Isbell and Pigman's slowly 
oxidizable "alpha" anomers have a chair conforma- 
tion with an axial Cl-hydroxyl group and their 
rapidly oxidizable "beta" anomers have a chair 
conformation with an equatorial Cl-hydroxyl group 
[11]. 

Kinetic studies have shown that oxidation by 
bromine is a complex process. Bunzel and Mathews 
[12] found that the reaction is rapid in neutral solu- 
tion and slow in acid. Perhnutter-I layman and 
Persky [13] recently confirmed the work of Bunzel 
and Mathews and presented evidence that the 
anionic form of D-glucose is oxidized much faster 
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than D-glucose itself. Bunzel and Mathews also 
established that the rate of oxidation of pre-equili- 
brated D-glucose is first order with respect to the 
aldose and free bromine. Several investigators have 
advanced hypotheses to explain the difference in the 
rates of oxidation for the a and /3 anomers. Isbell 
and Pigman [4] showed that oxidation of the sepa- 
rate anomers is complicated by the simultaneous 
anomerization reaction. 3 In the oxidation of a-D- 
glucose, formation of the more reactive /3 anomer and 
oxidation thereof raises the overall rate of oxidation; 
in the oxidation of /3-D-glucose, formation of the less 
reactive a anomer lowers the overall rate. Thus, 
the actual difference in the rates for the direct oxida- 
tion of the two anomers must be at least as great as 
the observed difference in the overall rates. Barker, 
Overend, and Rees [14] consider the values for the 
differences in the overall rates to be of little sig- 
nificance because of the anomerization of the slowly 
oxidizable anomers, which, they believe, takes place 
nearly completely before oxidation. Bentley [15] 
suggested that the higher activity of the anomers in 
which the Ol-hydroxyl group is in an equatorial 
position arises from the release of strain in the rate- 
determining step. He also noted that the ratios of 
rates of oxidation for the anomeric aldoses appear to 
be related to the conformational stability of the 
aldoses. The subject was discussed in an excellent 
review by Shafizadeh [16]. 

Various mechanisms have been proposed for the 
oxidation of aldoses with bromine. Isbell and 
Pigman [4] suggested rapid addition of free bromine 
to the ring oxygen atom, followed by slow elimination 
of hydrogen bromide at a rate depending on the stereo- 
meric position of the Cl -hydrogen atom. Lichten 
and Saxe [17] postulated rapid addition of bromine 
to the anomeric oxygen atom; this is followed by 
elimination of the hydrogen atoms of Cl by base 
catalysis, and formation of two bromide ions. Fried- 
berg and Kaplan [18] proposed elimination of the 
Cl -hydrogen atom as a hydride ion by direct attack 
of bromine, a concept advanced by Kaplan [19] 
from study of the oxidation of ethanol and acetalde- 
hyde. Bentley 115] suggested elimination of the 
Cl -hydrogen atom as Br 2 H~ from a bromine-con- 
taining intermediate. Isbell [20] suggested a bicyclic 
intermediate that decomposes intramolecularly with 
elimination of hydrogen bromide and a bromide 
ion (see p. 17 of [16]). Although the precise structure 
of the bromine-aldose complex in the transition 
state seems obscure, the structures given in figure 1 
appear to account satisfactorily for many of the 

3 The relative rates of anomerization and oxidation depend on pH, concentra- 
tion of free bromine, and other factors. When the rate of anomerization is high in 
comparison with the rate of oxidation, there is little difference in the overall rates 
of oxidation for the anomers. Isbell and Pigman [4] represented the rate constant 
for the overall oxidation of a-D-glucose as ak a +ki t where a is the concentration of 
free bromine; k a , the rate constant for the direct oxidation of a-D-glucose and k\ 
the rate of conversion of the a anomer to the /S anomer and the oxidation thereof. 
It was assumed, as a rough approximation (when the bromine concentration is 
high), that fci corresponds to the rate of conversion of a-D-glucose to /3-D-glucose 
(calculated from the rate of mutarotation of a-D-glucos3 at an acidity and tempera- 
ture comparable to the conditions prevalent during the measurements of oxida- 
tion). Under the conditions selected to minimize anomerization, it was esti- 
mated that about 80 percent of the overall oxidation of a-D-glucoss takes place 
directly, and 20 percent indirectly by conversion of a-D-glucose to 0-D-glucose 
and oxidation thereof. Evaluation of the relative importance of the direct 
oxidation and the indirect oxidation was not attempted for other aldoses because, 
in some instances, the mutarotation reaction involves several molecular species 
and the value of h is highly uncertain (see p. 147 of [3]). 




Figure 1. Hypothetical transition states. 

(a) Intramolecular, base-catalyzed mechanism. 

(b) Intermolecular, base-catalyzed mechanism. 

(c) Intramolecular, concerted mechanism. 



experimental data. Structures (a) and (b) are 
symbolic of either a fast removal of a proton from 
the Cl-hydroxyl group followed by a rate-determin- 
ing hydride transfer from Cl, or a partly concerted 
process in which the proton removal is not a com- 
pletely separate step. Structure (b) is similar to 
one proposed by Swain, Wiles, and Bader [21] for 
the transition state in the oxidation of 2-propanol 
with bromine. Structure (c) is similar to an inter- 
mediate proposed by Barker, Overend, and Rees [22] 
for the oxidation of tert-hutyl cyclohexanol, but differs 
in certain respects to be discussed in section 3. 

In a preliminary communication, Isbell [23] 
advanced the hypothesis that the relative rates of 
oxidation of aldoses depend on variation in the 
difference in free energy for the reactants in the 
ground state and in a hypothetical transition state 
in which the Cl-hydroxyl group is restricted by 
resonance to the plane formed by the ring-oxygen 
atom, Cl, C2, and C5. This concept will be de- 
veloped in the next section of this paper. 

2. Rationalization of Reaction Rates in 
Terms of Free-Energy Differences 

In accordance with transition-state theory [24, 25, 
26, 27], the rate of reaction depends on the difference 
in free energy between the reactants in the ground 
state and an activated complex in the transition 
state. 4 The difference in free energy depends solely 
on the nature of the two states and is independent of 
the manner in which the reaction proceeds. In the 
present study, the structure of the aldose was varied 
while other factors were held constant in so far as 



4 The free energy of activation AF* = —R Tin K^ , where K^ is the equilibriun 
constant for the aldose-bromine complex in the transition state. The free-enerf 
change in passing from the ground state to the transition state involves chan 
in entropy as well as energy, and no attempt has been made to assess the rela< 
importance of the two factors. 
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possible. For this reason, the differences in rates of 
reaction can be assumed to arise for the most part 
from differences in free energy needed to eon vert the 
various aldoses to the structures characteristic of the 
transition states. 4 The aldose in the ground state 
would have the conformation of lowest free-energy, 
probably the one selected by .Reeves from considera- 
tion of instability factors [8]. In (lie activated inter- 
mediate in the transition state, the arrangement of 
the atoms of the carbohydrate portion would lie be- 
tween that of the aldose and that of the lactone. 
Furthermore, stabilization by resonance would favor 
a transition state in which the anomeric oxygen atom 
lies in the same plane as Cl, C2, C5, and the ring- 
oxygen atom. Variation in the free energy involved 
in overcoming the intramolecular forces encountered 
in moving the atoms from the ground state to this 
transition state provides a basis for interpretation of 
the rates of reaction. Thus, with an aldose having 
an equatorial Cl-hydroxyl group, a small movement 
at Cl would suffice to give the requisite arrangement 
of atoms for the transition state (see fig. 2); little 
energy would be required and the rate of reaction 
would be high. With an aldose having an axial Cl- 
hydroxyl group, formation of the transition state 
would require displacement of the anomeric oxygen 
atom from a position perpendicular to the pyranose 
ring to a position in the plane of the ring, in fact, a 
change in conformation. The i'vee energy required 
for such a change depends on the structure of the 
entire molecule; and hence would be expected to 
differ for the various aldoses. 

Table 1 gives a summary of the rates of oxidation 
(relative to the rate for a-D-glucose) for the aldoses 
studied by Isbell and Pigman, as well as heretofore 
unpublished rate measurements for the oxidation of 
D-allose, D-altrose, and D-idose. The aldopyranoses 
are classified according to configuration and conform- 
ation ; 5 1 hose of group 1 presumably have high stabil- 
ity in one of the chair conformations as predicted by 
Reeves, whereas those of groups 2 and 3 presumably 
have less stability. 

In the ground state, the substances in group 1 have 
either the gluco-CA or galacto-CA conformation. 6 
The members of group 2 are considered to have one 
of the following conformations: manno-CA, talo-CA, 
or gulo-CA. The assignments are less certain than 
those of group 1. The members of group 3 do not 
appear to be especially stable in either chair confor- 
mation, and the conformations postulated are some- 
what arbitrary. 

The relative rates of oxidation for the axial ano- 
mers of the aldoses of group 1 average 1.4, whereas 
the relative rates for the equatorial anomers average 



5 The system for indicating conformations is described in [28]. Briefly, a 
symbol (C, B, S, etc.) describing the type of ring is combined with a second sym- 
bol, A or E. If the Cl-hydroxyl group of the a anomer is axial, the symbol A is 
used with the ring symbol; if this hydroxy] group is equatorial, the symbol E is 
used. The symbols arc suffixed by a hyphen to the conventional name of the 
compound; for example. a-o-glueopyranose-CA indicates that chair conformation 
of a-D-glucopyranose that has an axial ( ' l-hydroxj 1 group; /S-D-glucopyranose-CA 
is the corresponding anomer having the same chair conformation and therefore 
having an equatorial Cl-hydroxyl group. 

6 For reasons given in [l )( ,»| and [30], n-xylose and L-arabinose are classified with 
ID-glucose and D-galactose, respectively. D-Lyxose resembles both D-mannossand 

L-gulose, whereas D-ribose resembles both D-allose and L-talose. As regards 
memical reactivity, there is, of course, no distinction between the d and the l 
series. 
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Figure 2. Ground slates and transition states for the anions of 
the equatorial and axial anomers. 

Ih the 1 ransition states, carbon atoms 1, 2, and 5, as well as the oxygen atoms, tend 
to lie in the same plane. 

49. The rates lor the axial anomers of group 2 aver- 
age 2.7, whereas the rates for the equatorial anomers 
average 27. Thus, less energy is required for acti- 
vation of the axial anomers of the aldoses of group 2 
than lor those of group 1, but more energy is required 
for activation of the equatorial anomers. In both 
groups, the modification having an equatorial Cl- 
hydroxyl group in the ground state is oxidized more 
rapidly than its anomer. Thus, the energy barrier 
in the oxidation is lower for the equatorial than for 
the axial anomers. The observations are in accord 
with the changes in free energy which might be antic- 
ipated in passing from the ground states to the tran- 
sition states for the two anomers, in which a planar 
arrangement of Cl, C2, C5, and the two oxygen 
atoms is stabilized by resonance. 

With the axial anomers of the aldopyranoses of 
group 1, as depicted in figure 3, rotation of Cl to 
form the transition state would bring the hydroxyl 
groups of Cl and C2 into alinement; because of 
strong repulsive forces, this eclipsing would require 
considerable energy. Turning of carbon atom 1 
would also cause changes in the relative positions of 
the atoms at other carbon atoms. The sum of all the 
changes in free energy involved in reaching the tran- 
sition state from the ground state would determine 
the rate of reaction. 

Similar relationships can be noted for the aldoses 
of group 2. With the axial anomers of aldopyranoses 
having either the manno or the talo configuration, 
the Cl-hydroxyl group would be eclipsed by the C2- 
hydrogen atom (instead of by t lie C2-hydroxyl group, 
as in the aldoses of group 1). Undoubtedly, the 
change in conformation for these substances would 
require less energy than that required for the axial 
anomers of the aldoses of group 1, in accordance with 
the slightly higher rate of oxidation observed. With 
the axial anomers having the gulo configuration, ro- 
tation of Cl to form the transition state would bring 
the hydroxyl groups of Cl and C2 into alinement, 
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Table 1. Relative rates of oxidation of aldoses with bromine '■ 



More reactive anomer 


Less reactive anomer 


Aldose b 


Postulated 

conformation 

in ground 

state c 


Relative 

rate of 

reaction - 1 


Instability 
factors for 
conforma- 
tion with 
equatorial e 
Cl-Oll 


Postulated 

conformation 

in ground 

state <• 


Relative 

rate of 

reaction d 


Instability 
factors for 
conforma- 
tion with 
equatorial ' 
Cl-OH 


Ratios of 
overall rate 
constants for 
the anomers 



(J roup 1 



D-Xylose 

D-Glucose 

B-gli/cero-L-gluco- 1 leptose 

Maltose (4-O-cr-n-glucopyranosyl-D-glucose) -.. 
Lactose (4-0-/S-D-galactopyranosyl-D-glucose) . 

L-Arabinose 

D-Galactose 

D-glycero-v-galacto-lleptose, 

n-glycero-\.-galacto-IIeptose 



Average. 



0-CA 
0-CA 
^-CA 
(8-CA 
/3-CA 
a-CE 
/3-CA 
/3-CA 
/8-CA 



52 


none 


39 


none 


53 


none 


48 


none 


30 


none 


52 


4 


50 


4 


58 


4 


56 


4 



a-CA 
a-CA 
a-CA 
a-CA 
a-CA 
/3-CE 
a-CA 
a-CA 
a-CA 



2.8 
1.0 
0.8 
.8 
.9 
3.0 
1.3 
1.3 
1.1 



A2, 3, 4 

1 1 , _V2. 3. 4, 5 

II. A2.3.4.5 

II, 42,3.4.5 

II, A2, 3.4,5 

A2.3 

II, A2, 3. 5 

II, A2, 3.5 

II, A2. 3.5 



19 
39 
66 
60 
33 
17 
38 
45 
51 



Group 2 



D-Lyxose 

D-Mannose 

6- 1 )eoxy-L-mannose 

D-glycero-L-man wo-Heptose_ 
D-Talose 

D-<7/,ycero-D-fa7o-IIeptose '_ _ 
D-glycero-iAalo- 1 leptose f ._- 
D-Gulosc 

v-glycero-D-gulo-l leptose. _ _ 



Average. 



/3-CA 
/3-CA 
/3-CA 
/3-CA 
0-CA 
/3-CA 
/3-CA 
/3-CA 
/3-CA 



A2 

A2 

A2 

A2 

A2,4 

A2,4 

A2.4 

3,4 

3,4 



a-CA 
a-CA 
a-CA 
a-CA 
a-CA 
a-CA 
a-CA 
a-CA 



4.9 
1. 6 
2.8 
2.3 
2.4 
3.5 
2.9 
2.2 
1.4 



3.4 

1 1. 3. 4. 5 

11.3.4,5 

II. 3. 4, 5 

1 1. 3. 5 

11.3,5 

11,3.5 

A2, 5 

A2,5 



2.9 
15.0 
8.6 
24.3 
9.2 
9.4 
14.1 
5.9 
8.6 



Group 3 (Oxidized at intermediate rates) 



L-Ribose ... 


/8-CA 

/3-CA 
a-CA 
a-CA 
a-CE 
a-CE 


6.1 

5.0 
5.4 
5.6 
6.5 
11 


3 
3 

4,5 

4,5 

5 

5 










D-Allose s _ 










D-Altrose « 










Neolactose (4-0-/3-D-galactopvranos\i-D-altrose) ._ 










D-Idose s . 










v-glycero-D-ido-Ueptose- . - __ _ _______ 





















» Except where noted otherwise, the data are from the work of Isbell and Pig- 
man reported on pages 436 and 455 of reference [5]. 

b Since the original publications of Isbell and Pigman, the following changes 
in nomenclature have been made: 

a-L-arabinose to /8-L-arabinose, 

/S-L-arabinose to a-L-arabinose, 

/8-L-ribose to a-L-ribose, 

D-/3-galaheptose to D-glycero~irgluco-heptose f 

D-a-mannoheptose to D-glycero-D-galacto-heptose, 

D-0-guloheptose to D-glycero-h-galacto-heptose, 

D-a-galaheptOSe to D-g/ycero-i.-mamio-heinosa, 

D-a-guloheptose to D-glycero-irtalo-hentose, 

n-/3-ni an nolle ptose to i)-<7Z.ycero-D-ta/o-heptose, 

D-o-glucoheptose to D-glycero-D-giUo-heptose, and 

D-/3-glucoheptose to D-glycero-D-ido-heptose. 



c Postulated conformation based on the instability factors of Reeves [8] expressed 
in the symbols of Isbell and Tipson [28]. 

d Based on the rate constant for a-n-glucopyranose as unity. 

e The instability factors are cited for the chair conformation having an equa- 
torial Cl-OH group regardless of the actual conformation of the substance. For 
the more reactive anomers this conformation is presumably that of the ground 
state: for the less reactive anomers it is supposedly the less stable conformation. 
The numbers designate the individual carbon atoms bearing axial groups (other 
than hydrogen). II refers to the enhanced effect (Ilassel and Ottar) of 2 axial 
groups on the same side of the ring, and A2 refers to a highly unstable arrange- 
ment of the carbon-oxygen bonds at carbon atoms 1 and 2. 

f Values calculated from measurements reported in J. Research NHS 20, 97 
(1938) RP1069. 

- Unpublished measurements made by H. S. Isbell, R. Schaffer, and 
B. Y. Foley. 




no" 



AXIAL ANOMER GROUP I 




AXIAL ANOMER GROUP 2 



Figure 3. Relative positions of atoms attached to carbon 
atoms 1 and 2, 

(When CI is turned on the C1-C2 axis, high-energy states arise from eclipsing 
of the groups of CI and C2.) 



as with the axial anomer of glucose. However, the 
unfavorable effect of this eclipsing would be counter- 
acted, in some measure, by the release of strain arising 
from separation of the hydroxyl groups of Cl and 
C3, and hence the change in conformation, as with the 
manno and talo configurations, would require less 
energy than that required in the glucose series. The 
rate of oxidation for /3-D-lyxose was found to be low 
in comparison with the rates for the configurationally 
related aldoses, |3-D-mannose and D-glycero-P-h- 
man?io-heptose, but it is close to the rates for 0-d- 
gulose and D-glycero-t3-T>-gulo-lie])tose. The relatively 
low rate of oxidation for 0-D-lyxose, and the high 
rate for a-D-lyxose, arises at least in part from a fast 
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anomerization reaction. (See p. 147 of [3].) The 
unusually small ratio for the rates could be explained 
equally well by a non-chair conformation for one or 
both of the anomers. It is noteworthy that Reeves 
predicted for /3-D-lyxose a mixture of the chair con- 
formations or, possibly, a conformation in the boat- 
skew cycle. 

The aldoses of group 3 behave somewhat differently 
from those of groups 1 and 2. The freshly dis- 
solved, crystalline aldoses are oxidized at inter- 
mediate rates, and the oxidations of the aldoses 
present in equilibrium mixtures do not show abrupt 
changes in rate. Small changes in the rates during 
the oxidations indicate that the equilibrium solutions 
of both D-allose and D-ribose contain a small propor- 
tion (possibly 10%) of a modification oxidized more 
rapidly than the rest of the aldose. Both aldoses 
exhibit complex mutarotation reactions, presumably 
involving both pyranose and furanose modifications. 
D-Altrose, in an equilibrium solution, was found to 
be oxidized at essentially the same rate as the 
freshly dissolved aldose, and a carefully purified 
solution of D-idose was found to be oxidized at a 
uniform rate, about six times that of a-D-glucose. 
Neither D-altrose nor D-idose gave evidence for a 
substantial proportion of a second modification in 
the equilibrium mixture. 7 o-glycero-D-ido-ILepto- 
pyranosc is the only known crystalline aldose having 
the ido configuration. When the aldose was first 
crystallized [31], an unusual con form at ion was 
suspected (see p. 530 of [6]); this is now considered 
to be CE, the conformation in which the a anomer 
has an equatorial Cl-hydroxyl group. Oxidation 
of freshly dissolved crystalline ^)-glycero-T>-ido-h^iptose 
takes place about 11 times as rapidly as that of 
a-D-glucose. Oxidation of an equilibrium solution 
of D-grZi/cero-D-idfo-heptose gave evidence for the 
presence of a small proportion of a slowly oxidizable 
modification; the character of this modification 
remains to be determined. 

Interpretation of the oxidation of D-glycero-D-ido- 
heptose and certain other sugars is hampered by 
lack of knowledge of their ring structures and ano- 
meric configurations. When both anomers are known, 
the anomeric configuration of pyranoses can be 
assigned on the basis that the more dextrorotatory 
(or less levorotatory) anomer of an alpha-beta pair 
has the v-glycero configuration at Cl. When only 
one crystalline anomer is known and the mutarota- 
tion reaction is complex, the configuration cannot be 
assigned from the optical rotation; this is the case 
with crystalline D-ribose, D-allose, D-altrose, and 
D-glycero-D-ido-heptose. In re-examining the classi- 
fication of these aldoses, advantage was taken of the 
observation of Haworth and Hirst [32] that the 
anomer that preponderates in an equilibrium solution 
of a py r ranose has trans hydroxyl groups at Cl and 
C2. This principle is applicable for tentative assign- 
ment of configuration, because (as shown in table 2) 
all aldoses of known configuration conform thereto. 
Thus, if the aldoses are present largely in the pyra- 
noid form, we can conclude that the preponderating 



Table 2. 



Equilibrium proportions of the anomeric aldopyra- 
noses a 



7 The bromine-oxidation measurements for D-allose f D-altrose, and D-idose 
were conducted by R. Schaffer and B. Y. Foley. 





Composition of the equilibrium solution 


Aldose 


Estimated, from 
bromine oxidation 


Calculated, from 

optical rotation, 

assuming only two 

constituents 


L-Aral)inose 


cis 
anomer >> 
32.4 
20.3 


trans 
anomer h 
67.6 
79.7 


cis 
anomer b 
26. 5 
24.0 


trans 
anomer b 
73.5 


D-Lyxose ___ _ _ 


76.0 


D-Ribose - 




D-Xvlose - - .-. .. 


32.1 


67.9 


34.8 


65.2 


D-Allose c 




d- Al trose ° 










D-Galactose . _ _ . 


31.4 
37.4 
18.5 


68.6 
62.6 
81.5 


29.6 
36.2 


70.4 


D-Olucose_. 


63.8 


D-Gulose (calcium chloride) 




D-Idose c . 






D-Mannose 


31.1 
44.1 
31.0 
32.8 
37.0 
37.2 
11.8 


68.9 
55.9 
69.0 
67.2 
63.0 
62.8 
88.2 


31.2 


68.8 






L- R hamnose - 


26.9 


73.1 


D-qlycero-D-galacto-Heptose 




i )-<// ycero-L-ga&act o- 1 1 e p tose 






D-glycero-L-gluco-H eptose 






i w////rero-i>-f////o-I leptose 






D-glycero-D-ido-Heptose c .-_. 






D-gli/cero-i.-manno-Heptosc 


20.6 

38 

33 

37.5 

37.7 


79.4 

62 

67 

62.5 

62.3 






D-0/?ycero-D-£aZo-Heptose d __. 






v-fjlycero-L-talo-llvvtose d 

Lactose ._ -- 






36.8 
36.0 


63.2 


Maltose ... 


64.0 







■ Kxeepf where indicated, these data were compiled from the work of Isbell 
andPigman given in chapter XXIX of reference [5]. 

b In anomers designated cis, the hydroxyl groups at Cl and C2 lie on the same 
side of the ring: in anomers designated trans, they lie on opposite sides of the ring. 

1 Knowledge of configuration and properties is insufficient for classification of 
the anomers. 

d Values calculated from data reported in J. Research NBS 20, 97 (1938) 
RP1069. 

constituents in the equilibrium solutions of the 
above aldoses are respectively, |8-D-ribopyranose, 
/3-D-allopyranose, a-D-altropyranose, and n-glycero- 
a-i)-?7/o-heptopyranose. Except for the last-named 
aldose, these assignments agree with the structures 
previously accepted. Classification of crystalline 
D-(/lycero-Y>-ido-\u*]){o$e as an a-D-pyranose in the 
CE conformation constitutes an important change, 
and all work on this compound that has been based 
on the assumption that it was the |S anomer will 
need to be revised. On the basis of the trans anomer 
rule, it is postulated that the a pyranose modification 
of D-idose, also, preponderates in aqueous solutions. 
Inasmuch as the rates of oxidation depend on the 
free energy of the reactants in the ground state as 
well as in the transition state, it is of interest to 
compare the free energies of the aldoses in aqueous 
solution. The difference in free energy for a pair of 
anomeric aldoses in solution can be estimated from 
the proportions of the anomers at equilibrium. The 
rates of oxidation clearly show, for aldoses in the 
gluco series, that the anomers having equatorial 
Cl-hydroxyl groups preponderate in the equilibrium 
mixture. Thus, the free energy of /3-D-glucose in 
the oxidation mixture is less than that of a-D-glucose. 
With aldoses in the manno series, the anomer with 
the axial Cl-hydroxyl group preponderates at 
equilibrium, and a-n-mannose in solution must have 
a lower free-energy than /3-D-mannose. Quantita- 
tive evaluation of the free energies for the various 
sugars in aqueous solutions would be desirable but 
it is not feasible at present for lack of precise knowl- 
edge concerning the composition of the equilibrium 
mixtures. 
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3. Comparison of the Oxidation of Aldoses 
With the Oxidation of Cyclohexanols 

In comparison with the aldopyranoses, cyclo- 
hexanol and its derivatives are oxidized slowly, and 
the relative rates of oxidation of the axial and equato- 
rial isomers by either chromic acid [33] or bromine 
[22] are reversed. According to Barker, Overend, 
and Rees [22], the difference in the rates of oxidation 
for the axial and equatorial isomers of ter^-butylcyclo- 
hexanol is far less than the difference in rates for a- 
and /3-D-glucose. The authors propose the mechanism 
depicted in figure 4. Simultaneous removal of the 
two hydrogen atoms in the transition state is postu- 
lated to account for a lack of sensitivity of the rate 
to a change in acidity. 

The oxidation of cyclohexanols differs from that of 
aldoses in several important respects. With aldoses, 
but not with cyclohexanols, it is postulated by the 
author that resonance involving the ring-oxygen 
atom aids in the release of the Cl -hydrogen atom. 
This hypothesis may account for the more rapid 
oxidation of aldoses. In the oxidation of cyclo- 
hexanols, the Cl-oxygen atom does not lie in the 
same plane as Cl, C2, C5, and C6, because the Cl — 
C6 bond (corresponding to the Cl — O bond of the 
pyranose ring) has no double-bond character, and 
there is consequently no resonance stabilization of 
such a planar conformation. For this reason, the 
Cl-hydroxyl group of the cyclohexanols can approach 
the transition state from either the axial or the 
equatorial position without a change in the confor- 
mation of the molecule. This accounts for the lack 
of a large difference in the rates of reaction for the 
axial and equatorial isomers. Because of the intra- 
molecular repulsive forces, a cyclohexanol having an 
axial hydroxyl group would have a higher free-energy 
in both ground and transition states than a similar 
one having an equatorial hydroxyl group, and 
less energy would be required for the axial isomer to 
reach the transition state than for the equatorial 
isomer. How T ever, the difference in the free energies 
in the transition states would be less than that in the 
ground states because of modification of the repulsive 
forces by bromine. Consequently, less energy would 
be required for the axial isomer to reach the transition 
state than for the equatorial isomer, and, therefore, 
the rate of reaction should be higher for the axial 
isomer, as it, in fact, is. The relationship is opposite 
to that for the anomeric aldoses. 




Figure 4. Oxidation of axial and equatorial isomers of 
tert-butylcyclohexanol according to Barker, Overend, and 
Rees [22].) 



4. Summary 

Early studies of the oxidation of aldoses by the 
author revealed that the ring forms of the aldoses 
are converted to lactones without cleavage of the 
ring, that free bromine is the oxidant, and that 
there are wide differences in the rates of oxidation 
for the different aldoses and for the a and modifi- 
cations of a single aldose. The hypothesis was 
advanced that the rates of reaction of the anomers 
depend on the angular position of the Cl-hydroxyl 
group with respect to the plane of the ring. So 
far as known, this was the first attempt in any 
field of chemistry to correlate reaction rate and 
conformation. Recent reappraisal of the results 
by means of present concepts of reaction-rate theory 
and of ring conformation leads to the hypothesis 
that the differences in the rates of oxidation for 
the a and P anomers arise from variation in the 
free energy involved in conversion of the reactants 
in their ground states to transition states in which 
the oxygen atom of the Cl-hydroxyl group lies in 
the plane formed by the ring-oxygen atom, Cl, 
C2, and C5. Presumably, this conformation results 
from stabilization by resonance. 

In the oxidation of derivatives of cyclohexanol, 
the oxygen atom, in the transition state, does not 
need to lie in the same plane as Cl, C2, C5, and C6 
because, in the absence of a ring-oxygen atom, there 
is no resonance stabilization of such a conformation. 
This hypothesis may account for the lower rates 
of oxidation of the cyclohexanols, for lack of wide 
differences in the rates of oxidation of the axial and 
equatorial isomers, and for the fact that the relative 
rates of oxidation of the isomers are reversed from 
those of the axial and equatorial anomers of the 
aldopyranoses. 

The author expresses his appreciation to R. U. 
Lemieux of the University of Toronto, and to H. 
Eyring of the University of Utah for highly valued 
counsel. He thanks R. S. Tipson and H. L. Frush 
for assistance in preparing the manuscript, and R. 
Schaffer and B. Y. Foley for measurement of the 
rates of oxidation for D-allose, D-altrose, and D-idose. 
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